This research studied deaf students' performance on memory span and component reading tasks that incorporated processes involved in higher level comprehension. The instruments developed in the study provide the basis for the measurement of functional working memory capacity, vocabulary knowledge, domain-relevant knowledge, and inference abilities. Multiple regression analysis was used to construct models that show the contributions of the independent assessments to reading comprehension ability. Overall, results suggest that working memory operates as a general executive system, as indicated by significant correlations between subjects' performance on reading and nonreading tasks. Limitations in vocabulary knowledge continue to pose problems in reading for deaf individuals. General or procedural knowledge also plays a part in reading comprehension processes.
mation flows (Atkinson & Shiflrin, 1968 , 1971 Baddeley & Hitch, 1974) , and its role in cognitive activities such as problem-solving and reading is viewed as central (Baddeley, 1986; Baddeley, Logie, NimmoSmith, & Brereton, 1985; Kintch & van Dijk, 1978; Perfetti, 1985) . Ostensibly, good and poor readers are distinguishable in terms of how information is manipulated and managed in their working memory.
Early conceptualizations of working memory architecture characterized it as a static, temporary storage buffer (Broadbent, 1971; Miller, 1956) . Current thinking and research evidence suggest, however, that working memory is a dynamic, multifunction mechanism (Baddeley, 1986; Baddeley & Hitch, 1974; LaBerge & Samuels, 1974) . In the natural reading situation, this view of working memory is supported by the dual requirement that just-read information be maintained simultaneous with the processing of previously-read information in order for the text of a message to be understood. Thus, contemporary thinking about working memory is that it directs the flow of information during cognitive processing, and that the relative success of this effort hinges on how attentional resources are distributed between storage and processing requirements.
In a now classic study, Daneman and Carpenter (1980) proposed that simple memory span tests used in research on comprehension (e.g., digit span and word span tests) are insensitive to the manner in which information is processed in working memory during reading precisely because they do not measure complex cognitive processes. Reacting to the limitations of traditional span methodology, Daneman and Carpenter developed an alternative means of assessing working memory span that more closely mimics the strategies and processes required during reading. The reading span test developed by Daneman and Carpenter was designed to tax both storage and processing functions of working memory and was based upon the proposition that working memory structures and processes compete for a common limited capacity (Baddeley & Hitch, 1974; Lesgold & Perfetti, 1978) . Daneman and Carpenter (1980) argued that individuals do not differ in their overall executive working memory capacity. Rather, individuals differ in the storage component of working memory, which is itself limited by the resources that must be expended processing incoming information. Thus, good readers may require less working memory capacity for processing functions than do poor readers, resulting in greater residual capacity for storage. That is, good readers, by virtue of their more efficient usage of the computational aspect of working memory, have functionally larger storage capacities than do poor readers.
The reading span test developed by Daneman and Carpenter (1980) involved the usual demands of sentence comprehension posed during reading, with an additional requirement that subjects in their study (i.e., normally-hearing individuals) maintain and retrieve the final words of sentences. Consequently, the test taxed both processing and storage functions of working memory, reading sentences serving as a background task to the primary task of storing and recalling a list of words. Specifically, subjects read three sets of sentences and were instructed to recall the final word of each sentence at the end of each set. The number of sentences within a set was incremented from two to six. Reading span was operationally defined as the maximum number of sentences that subjects could read while maintaining perfect recall of endwords on two out of three sentence sets. Expected reading span for normallyhearing college undergraduate students has been found to range from two to five sentences, with a mean of approximately three and standard deviation (SD) about one (Daneman & Carpenter, 1980) . Daneman and Carpenter (1980) reported significant correlations between reading span and independent measures of reading comprehension. Correlations between simple word span and reading comprehension measures were nonsignificant. The same pattern of results was found for listening span, suggesting that the assessment of complex memory span is independent of modality. These findings were discussed in support of the hypothesis that the reading span task is related to working memory capacity, and that working memory capacity is an important source of individual differences in reading.
Since publication of the Daneman and Carpenter (1980) study, variations in the format of the complex span task have appeared in research on memory and comprehension. Typically, the span tasks use verbal material, include a verification component to assure that subjects process information, and involve recall of isolated words. Turner and Engle (1989) , however, raised the question whether the background task in a span measure had to involve skills specific to reading in order to predict comprehension. Their test materials required subjects (i.e., normally-hearing individuals) to perform arithmetic operations and to recall words or digits. Specifically, subjects were presented with arithmetic strings like (4 X 3) -6 = 6, followed by a fourto six-letter word (operation-word span test). Subjects had to mentally perform the arithmetic operations, indicate whether the answer provided with a problem was correct (i.e., "yes" or "no"), and recall to-beremembered words (also see LaPointe & Engle, 1990) . In another condition, the to-be-remembered item was the digit that followed the equal sign in the arithmetic string (operation-digit span test). Turner and Engle found that the operation-word task led to correlation with reading comprehension as high as that found when the background task involved reading sentences. Their findings suggested that the arithmetic-related and reading-related memory tasks tap a common underlying process and that the relationship between working memory span and comprehension is not taskspecific.
Presently, competing models seek to explain the nature of the relationship between working memory capacity and higher level cognition. One model (Carpenter & Just, 1988; Daneman, 1987; Daneman & Carpenter, 1980; Daneman & Green, 1986) suggests that the overall executive capacity of working memory is the same for both good and poor readers; however, good readers are more efficient in their processing of information. Moreover, individual differences in working memory capacity are considered to be task-specific That is, the correlation between comprehension ability and working memory capacity is mediated by readingspecific processes common to predictor and criterion tasks. Thus, good and poor readers with corresponding large and small storage capacities on a reading task might function quite differently on a task unrelated to reading.
Alternatively, Turner and Engle (1989) asked whether individual differences in working memory capacity might be more general. Their model suggests that individuals differ in working memory capacity and that these differences play a role in higher level cognitive tasks like reading. That is, individuals may be poor readers because they have relatively smaller working memory capacity than do good readers (Engle, Nations, & Cantor, 1990) . This model views working memory as a more general executive system that is not task-specific Thus, good readers have relatively larger working memory capacity than poor readers, not necessarily more efficient information-processing skills (also see Engle, Cantor, & Carullo, 1992) .
Vocabulary Knowledge and Reading Comprehension
However models of the reading comprehension process are intended to elucidate the nature of individual differences, they remain incomplete oversimplifications of a very complicated subject. Moreover, any explanation of the functional role played by one variable (e.g., working memory capacity) in the performance of another (e.g., reading comprehension), grounded in correlational methodology, must acknowledge that the path between variables may be indirect. Such is the case in the present discussion. Nearly all of the published reports of significant correlations between working memory capacity and reading skill have used verbal materials. Thus, the question has been posed whether the relationship between scores on complex span tasks involving words and accompanying scores on reading comprehension tests might reflect individual differences in vocabulary breadth or some aspect of word knowledge (Engle, Nations, & Cantor, 1990) .
Twenty-five years ago, Baddeley and Scott (1971) demonstrated that performance on a short-term memory task was related to the frequency of usage of word stimuli. Daneman and Green (1986) also observed that individuals who score high on vocabulary tests tend to score high on working memory span tests and also do well on reading comprehension tasks. To the extent that reading skill is influenced by word knowledge, and working memory capacity is measured by tasks requiring the recall of words that may be "more" or "less" familiar to the subjects included in a research activity, word span may bear only indirect relationship with reading comprehension.
Essentially, the hypothesis that the memory spancomprehension linkage is mediated by word knowledge has been tested in two ways. Dixon, LeFevre, and Twilley (1988) obtained three measures each of working memory capacity, word knowledge, and reading comprehension. Results of their regression and path analyses led to the conclusion that word knowledge and working memory capacity contribute independently to reading skill. Engle et al. (1990) obtained measures of working memory span that incorporated words which were "low" or "high" in their frequency of usage in die English language. Correlations between reading comprehension ability and span performance were significant for both high-and low-frequency word manipulations, suggesting diat the relationship between memory span and comprehension is not mediated by word knowledge. Consistent with the findings of Dixon et al. (1988) , Engle et al. (1990) concluded that a combination of word knowledge and working memory capacity improves the prediction of reading comprehension.
More recently, Swanson (1992) used an extensive battery of working memory tasks in a study of the generality and modifiability of working memory of good and poor readers. Swanson's subjects were normallyhearing persons. The results of his research corroborated the Engle et al. (1990) findings that working memory capacity predicts "achievement" independent of word knowledge. Finally, Tirre and Pena (1992) devised a reading span test that also functioned as a measure of general knowledge. Their regression analyses indicated that, in addition to working memory span and word knowledge, measures of general or world knowledge also contribute to the prediction of reading comprehension ability.
We conclude from the collective body of research findings presented above that individual differences in reading comprehension ability relate, in part, to differences in working memory capacity. Moreover, the weight of the research evidence suggests that the working memory-comprehension connection is direct, independent of word knowledge and reading-specific processes. This implies that the overall executive capacity of working memory varies across individuals. The subjects of the research reviewed to this point have been normally-hearing adults and children.
Purpose of This Study
When severely and profoundly deaf individuals approach the reading task, they do so at considerable disadvantage relative to their hearing peers. Spokenlanguage skills are not acquired easily by deaf children (Ling, 1976 ). Yet, the reading comprehension task requires deaf children to understand a language whose earliest form, speech, they can neither hear nor easily produce (Hanson, 1991) . Not surprisingly, deaf individuals experience difficulty reading (Conrad, 1979; Trybus & Karchmer, 1977) and, as a group, lag far behind their hearing peers on standardized tests of reading achievement (Allen, 1986 ).
Research evidence indicates that deaf individuals' reading skills are most hampered by limitations in vocabulary or word knowledge (Kyle, 1980; Moores, 1967; Quigley & Paul, 1984) . Deaf individuals also have been found to have generally shorter memory spans than hearing persons of comparable age (Belmont & Karchmer, 1978; Wallace & Corballis, 1973) , seemingly because deaf persons use speech-based coding less efficiently for memory purposes. Research on component reading skills conducted by Waters and Doehring (1990) showed a strong, positive relationship between extent of word knowledge and reading performance for deaf subjects; however, their data on the relationship of working memory capacity to reading performance could not be interpreted unequivocally. Moreover, limitations due to sample size precluded analysis of the combined influences of vocabulary knowledge and working memory capacity on reading comprehension ability. Whether word knowledge and working memory capacity represent separate, independent sources of variation in deaf individuals' performance on reading tasks remains unknown.
This study was conducted to secure theoretical evidence on the role of working memory processes in the literacy skills of young deaf adults. To this end, we developed a reading comprehension test designed to provide component measures of word knowledge, domainrelevant knowledge, and text-integration ability. The component reading skills derive from earlier research on deaf individuals conducted by the authors (Garrison, Dowaliby, & Long, 1992) . The reading comprehension test, which requires subjects to read passages and to respond to multiple-choice questions regarding the content of the passages, was subjected to reliability and validity analyses using data obtained from normally-hearing individuals.
Following the Daneman and Carpenter (1980) paradigm, we next developed computerized digit span tests designed to measure working memory capacity. The tests required that, subjects (1) follow and recall sequences of digits, and (2) solve problems consisting of strings of arithmetic operations and recall the answers to the problems in the order in which they were presented. Both primary (storage) and secondary (processing) tasks were unrelated to reading.
Finally, the reading comprehension and working memory capacity tests were administered to a sample of deaf college students. The generality hypothesis advanced by Turner and Engle (1989) , that working memory capacity operates as a system independent of reading skill, was evaluated. We used the methodology of multiple regression analysis to study the unique contribution of working memory capacity and component reading skills to reading comprehension ability.
Method

Subjects
Subjects in this research were 161 normally-hearing students attending four different educational institu-tions in upstate New York and 30 deaf students enrolled in courses of study at the National Technical Institute for the Deaf (NTTD). The hearing students who participated in the study consisted of 26 seventhgraders, 104 adults enrolled in introductory-level English courses at two area community colleges, and 31 undergraduates attending a four-year technical college. All students (hearing and deaf) were tested during the time period extending from spring 1993 to spring 1994. Data provided by the hearing students were used only to evaluate the psychometric properties of the experimental reading comprehension test developed by the authors.
The deaf students included in the study were paid for their participation and were selected on the basis of their composite scores (available from college records) on the reading comprehension portion of the California Achievement Tests (CAT, Tiegs & Clark, 1963) . Deaf subjects were chosen to represent a broad distribution of reading ability, as measured by the CAT. The distribution of their CAT reading scores is summarized in Table 1 .
Test Materials
Experimental reading comprehension test. The reading test developed in this study (referred to hereafter as the RCT) required that subjects read five passages and answer multiple-choice questions associated with the passages. The passages themselves were taken from four parallel forms of the CAT reading test. The passages were stories about "commercial fishing," "oranges," "Italy," "ships in history," and "the electric light." Fifty content questions were developed for the five passages (10 questions per passage). The questions were designed to measure subjects' component reading skills. Each question had five response alternatives, one being "don't know." Subjects were instructed to use the "don't know" option rather than guess.
Fifteen items were included in the experimental reading test to measure vocabulary or word knowledge. Correct answers to these questions required knowledge of synonyms. Another 15 items were included to assess subjects' breadth of world knowledge. While these questions were thematically related to the text of the stories, Table 1 Distribution of CAT composite reading scores fordeafSs(n = 30)
Reading scores expressed as grade-equivalent Number of subjects 6.0-6.9 7.0-7.9 8.0-8.9 9.0-9.9 10.0-10.9 11.0-11.9 >12.0 they could not be answered from the information provided in the passages. World knowledge items are also referred to as general knowledge or domain-relevant items in the remainder of this article.
The remaining 20 test items were included to measure subjects' ability to make inferences. Ten items required that examinees integrate information within a single paragraph to arrive at correct answers to questions. The other 10 items assessed individuals' ability to integrate information across paragraphs (e.g., determine which of a number of titles provided as alternatives best captures the theme of a passage). We speculated that this component reading skill (text-integration ability) bears relationship to reasoning ability. From their analysis of data obtained from normally-hearing individuals, Kyllonen and Christal (1990) found working memory capacity and reasoning ability to be closely related, but not identical "factors." Memory span tests. Three different computer-administered memory span tests were constructed. The first test (simple digit span) followed the WAIS format of presenting digits, one at a time, at the rate of one per second. Subjects saw sequences of digits of increasing length and, after each sequence, were asked to recall the digits in the order presented. Testing began with three trials on a three-digit sequence (e.g., "9-3-4," "6-2-8," "2-9-5") and continued the same number of trials while increasing the length of the sequences to a maximum of 10 digits. Testing was terminated when a subject was unable to accurately recall digits in the proper serial order on two of the three trials. Simple digit span was operationally defined as the maximum number of digits subjects could recall correctly on two out of three trials. Minimum score was three; maximum score was 10.
In the second test (noname digit span), individual digits were replaced by simple arithmetic strings (e.g., "2 + 6," "3 + 3")-The arithmetic strings were presented one at a time, at the rate of one string per second. Each string contained two digits, separated by a + or -operation. Subjects saw sequences of arithmetic strings. Like the first memory span test, the sequences increased in length. At the end of each sequence, subjects were asked to recall the answers to the problems presented in a sequence in the correct serial order.
Testing began with three trials on a two-string sequence and continued the same number of trials while increasing the number of arithmetic strings in a sequence up to eight. As before, testing was terminated when an examinee was unable to correctly recall the answers to the problems presented in a sequence, in the correct serial order, on two of the three trials. Noname digit span was the maximum number of string sequences solved and recalled to the point at which testing was terminated. Minimum score was two; maximum score was eight. We were uncertain whether this test would tax both storage and processing functions of working memory, hence the designation noname digit span, since the problems correspond to addition and subtraction tables (i.e., facts) learned to automaticity at an early developmental stage.
The third test (complex digit span) varied the memory task presented in the second test by introducing an additional digit and mathematical operation into the arithmetic string (e.g., "2 + 6 -3," "1+ 3 + 5"). Each string contained three digits, separated by combinations of + and -operations. The arithmetic strings were presented one at a time, at the rate of one string every two seconds. Subjects saw the sequences of arithmetic strings. The sequences increased in length. Like the noname digit span test, at the end of each sequence subjects were asked to recall the answers to the problems presented in a sequence in the correct serial order.
Testing began with three trials on a two-string sequence and continued the same number of trials while increasing the number of arithmetic strings in a sequence up to six. Again, testing was terminated when an examinee was unable to accurately recall the answers to problems presented in a sequence, in the correct order, on two of the three trials. Complex digit span was the maximum number of string sequences solved and recalled to test termination. Minimum score was two; maximum score was six.
The frequency of use of individual digits was approximately equal throughout the memory span tests. Equal numbers of + and -operations, determined randomly, appeared across tasks. Integers were also generated randomly with the constraint that they lie between one and nine. Answers to problems presented in the arithmetic strings also had to lie between one and nine. The digit "seven" was excluded from all problem elements and answers. Digits and arithmetic strings were presented one after the other in the same location on the computer screen (i.e., the memory span stimuli were not spatially arrayed on the screen).
The arithmetic tasks employed in this study differed in subtle ways from those that have appeared in the research reviewed in the previous section. First, the verification component typically used to assure that subjects process information was eliminated. It is implicit in the recall of answers to the problems presented in the arithmetic strings. The type of arithmetic task we employ is consistent with our view of reading as a problem-solving process. Moreover, an explicit knowledge verification task introduced between processing and storage aspects of an experimental complex span task does not seem true to the manner in which text is read and processed in the natural reading situation (i.e., it is disruptive).
Second, while the role of phonological encoding in working memory is beyond the scope of this study, it may be noted that the digit "seven" is the only digit between one and nine that, spoken, has two syllables. Because we are dealing with the construct of working memory capacity, "seven" was excluded from task elements and answers on the basis that it might tax resources available for the storage of information to a greater extent than digits that could be represented by a single syllable in spoken form.
Finally, it has been suggested that the ability of memory span tasks to predict higher level cognitive tasks is influenced by the difficulty of the span tasks themselves (Engle, Carullo, & Collins, 1991) . Examination of the arithmetic tasks used in earlier research on working memory indicates that they generally involve addition, subtraction, multiplication, and division. Addition and subtraction relate to basic concepts of quantity, modeled by simple activities such as counting or comparisons of length. Multiplication and division are more abstract concepts. As algorithms, multiplication and division problems involve the subalgorithms of addition and subtraction. In the exercise of mental arithmetic, multiplication and division are inherently more complex operations than addition and subtraction. Our arithmetic tasks used only addition and subtraction operations. The intention here was to reduce the potentially confounding influence of mathematical ability on the measurement of working memory span.
California Achievement Tests. The reading comprehension subtest of the CAT, described briefly below, contains a total of 86 multiple-choice questions. The composite score, expressed in the grade-equivalent metric, serves as a multifaceted representation of an individual's reading skills. In this study, the composite score was used as a criterion measure in the evaluation of the experimental reading comprehension and working memory tests.
The reading comprehension portion of the CAT is divided into three sections covering a variety of topics. The first section consists of 15 items designed to measure a respondent's ability to follow directions and comprehend definitions. The items are based principally on mathematics, language, and social science reading situations. The test items can be answered from the information provided in accompanying text.
The second section consists of 26 items intended to measure vocabulary knowledge and skills needed for reference work and research. The items in this section test dictionary, reference and library skills, knowledge of report outline forms, and abilities to read graphs and maps.
The third section consists of five stories, each of which is followed by a set of test items referring to it. In all, this section consists of 45 items designed to measure an examinee's abilities to comprehend directly stated facts, select central ideas, make inferences or deductions from written materials, and reconstruct an intended sequence of ideas. The respondent may refer to the passages while selecting responses to items.
General Procedures
The reading test constructed by the authors was administered to hearing students in group settings. There was no time limit. Students could refer to the passages while answering test questions. The hearing students were told that the reading test was experimental and that their answers to the test questions would be used to evaluate the instrument. Their participation in the study was voluntary.
The experimental reading test was administered individually to the deaf students. There was no time limit. Additionally, the deaf students responded to the test materials intended to measure working memory capacity. The memory span tests were administered twice (i.e., before and after the experimental reading comprehension test). We used average scores across the two occasions as measures of simple, noname, and complex working memory capacity. The arithmetic tasks included in the memory span tests were presented via a Maclntosh-SE personal computer. After the purposes of the experimental testing were explained to the deaf subjects, they were provided practice exercises intended to familiarize them with the tasks. A template constructed for the study limited keyboard entries to numeric responses only. When prompted by the computer, subjects entered to-be-remembered digits. They were able to change response entries with a "backspace" key. The response data provided by the deaf subjects were evaluated for correctness by the software that drove the testing system. Testing continued until the criteria established for termination were satisfied. Total testing time was less than one hour for each subject.
Results
Experimental Reading Comprehension Test
Hearing subjects. Data provided by the 161 hearing subjects included in the study were analyzed for fit to the Rasch (dichotomous) measurement model using program BIGSTEPS developed by Wright and Linacre (1994) . Content analysis of the RCT revealed three flawed items (one vocabulary item, two domainrelevant items), reducing the pool of test stimuli to 47 usable items. BIGSTEPS uses the original responses of persons to a set of test items to estimate person measures and item difficulties. Person abilities and item difficulties are expressed in the logit metric (i.e., logodds units). BIGSTEPS provides a person separation reliability (PSR) index (Wright & Stone, 1991) . PSR is an indication of the reliability with which the test separates the respondents tested and provides an estimate of the internal consistency of a test-that is, the degree to which all of the test items measure a common characteristic of persons. The PSR index for the 47-item reading comprehension test was .82.
BIGSTEPS also provides an item separation reliability (ISR) index (Wright & Stone, 1991) . The ISR indicates how well the items are separated by the persons tested. The ISR index for the test was .98. The ISR value of .98 indicates that the respective difficulties of the 47 items spread out over a broad range, giving breadth and meaning to the variable operationalized by the RCT (i.e., reading comprehension).
PSR and ISR are gross statistical indicators. In the course of our analyses, we proceed from the investigation of general test qualities to detailed studies of person and item attributes. To guide us in our understanding of person/item fit to the measurement model, two statistics have been introduced. These statistics, generally known as INFIT and OUTFIT statistics, are discussed elsewhere at length by their developers (Wright & Linacre, 1991; Wright & Masters, 1982; Wright & Stone, 1979) . Fit values reflect the extent to which the observed responses of persons to items agree with those predicted by the measurement model. Examination of the fit statistics associated with the 47 items included in the reading comprehension test indicated conformity between observation (data) and prediction (model) for 45 items. Two items, the first and last items in the test, were diagnosed as misfitting. We conclude from the analysis of item fit to the measurement model that the test tasks define a single, dominant variable (i.e., reading comprehension).
Ten of the 161 hearing persons tested (6%) had INFIT or OUTFIT statistics that were statistically significant. This finding is the result of unexpected successes on items predicted to be significantly more difficult than respondents could handle and unexpected errors on items predicted to be relatively easy. The observed person misfit is limited to 6% of the hearing persons tested. We conclude from this analysis that the responses of hearing persons to the RCT items are generally predictable from the parameters estimated by the measurement model.
Mean performance of the 161 subjects on the 47-item reading comprehension test was .93 logit (SD = .96). The item difficulties are centered at .00 logit (SD = 1.79), negative logit values associated with relatively easy items, positive values characterizing hard items. These statistics indicate that the respondents, as a group, were more able than the test, as a whole, was difficult.
Because the hearing subjects who participated in the calibration of the RCT differed in educational level, we sought to ensure that the aggregation of their test data was appropriate. As noted earlier, the 161 persons who provided research data used to evaluate psychometric aspects of the RCT were students at four different educational institutions. Results of an analysis of variance (ANOVA) that compared subjects' overall performance on the RCT across educational institutions indicated no significant differences (F (3,157) = 1.50,/. = .22).
Finally, a subset of hearing students (n = 19) attending the four-year technical institution had scores available from college records on their performance on the Nelson-Denny Reading Test (N-D, Brown, Bennett, & Hanna, 1981) . The N-D yields vocabulary, comprehension, and total scores. The RCT provides vocabulary, text-integration, world knowledge, and total scores. Correlation of the N-D total score with the RCT total was .73 (j> < .01). The correlation between N-D total score and RCT vocabulary was .85 (p < .01). The N-D vocabulary and comprehension scores each correlated .82 with the RCT vocabulary measure (p < .01). These findings show a preponderance of the shared variance between scores on independent reading comprehension measures to be the result of subjects' vocabulary knowledge.
Twenty-five of the 26 seventh-graders tested had scores available on their performance on the Degrees of Reading Power Test (DRP, College Board, 1986) . The correlation between DRP comprehension and RCT total scores was .72 (/> < .01). Other significant correlations between DRP and component RCT scores were observed. These included DRP and RCT vocabulary (r = .63, p < .01) and DRP and RCT text-integration ability (r = .77, p < .01). These findings, offered as limited evidences of concurrent validity of the experimental RCT, illustrate that tests of reading comprehension differ in their emphasis on component reading skills.
Deafsubjects. Data provided on the RCT by the 30 deaf subjects were also analyzed for fit to the Rasch measurement model. The PSR index for the 47-item test was .82, matching the earlier finding with hearing subjects. The ISR index was .89.
Fit analyses indicated that 46 of the 47 items conformed to model expectations. One world knowledge item was identified as misfitting. One examinee was identified as misfitting. On close examination, the significant person misfit was the result of a correct response (i.e., lucky guess) to a single item. The item just happened to be the most difficult in the RCT! We conclude from analyses of deaf subjects' responses to the experimental reading comprehension test that the data are characterized rather well by the measurement model.
The mean performance of the 30 deaf subjects on the 47-item RCT was -.12 logit (SD = .87). Again, item difficulty is centered at .00 logit (SD = 1.57). These statistics indicate that the deaf respondents, as a group, were less-skilled readers than the hearing subjects; however, the RCT, as a set of calibrated items, was better targeted on the deaf respondents than on the hearing students. That is, for deaf respondents, the mean and dispersion of the item difficulties more closely match the mean and range of person abilities over which the test measures more or less accurately.
Because the deafsubjects were recruited on the basis of their performance on an independent reading test, CAT reading scores were available. Simple correlations between CAT and RCT component scores, as well as the intercorrelations between component scores, are shown in Table 2 . The correlation between CAT and RCT total scores for deaf respondents mirrors the correlational findings observed between N-D/ DRP and RCT for hearing subjects. Again, the strength of the relationship between the independent measures of reading skill for deaf individuals is influenced most by subjects' vocabulary knowledge. All of the rs reported in Table 2 are significant (j> < .05).
HearingI deaf differences. Because the RCT was calibrated separately for hearing and deaf samples of respondents, we obtained two estimates of difficulty for each of the 47 items in the test. When we compare the independent estimates, we test the difficulty invariance of these 47 items across calibration samples. The simple correlation between the independent difficulty estimates was .82 (p < .01), indicating that the two samples agreed more than they disagreed as to the relative placement of the RCT items along a hypothetical continuum of difficulty. Difficulty stability was observed for 32 of the 47 items. The independent calibrations for the remaining 15 RCT items were statistically different (p < .05). Table 3 summarizes results of the separate RCT calibrations by item categories. Included in the table are the mean, SD, and standard error [SE] of the difficulty values of items included in each of three item clusters. Test data from the hearing examinees indicated that vocabulary items were easiest (mean dj = -1.40). Text-integration items were in the mid-range of difficulty (mean d; = -.05). World knowledge items were hardest (mean d r = 1.57). Deaf examinees ordered the items in the same way. The difficulty values of all 47 items spread out over nearly nine logits for hearing subjects (minimum dj = -4.55, maximum dj = 4.24). The range of item difficulties extended only about 6.5 logits for deafsubjects (minimum d, = -3.06, maximum d, = 3.57). Data in the table indicate how the RCT items functioned in terms of their relative difficulty. For hearing examinees, the item difficulty differences observed across vocabulary, text-integration, and world knowledge categories were statistically significant (.F(2,46) = 14.33, p < .01). On average, the items in each category differed significantly in difficulty from the other two categories (p < .05). Deaf subjects also indicated that items in the three categories differed significantly in their difficulty (F(2,46) = 4.23, p < .05). However, the Newman-Keuls range test revealed that vocabulary and text-integration items were of comparable, difficulty for deaf examinees. Only the world knowledge items differed in difficulty from the other two categories. Table 4 summarizes the performance of the hearing and deaf examinees on component reading skills corresponding to the item categories identified in Table 3 .
Overall, hearing students achieved significantly higher levels of performance on the RCT than did deaf students (F (1,189) = 30.63, p < .01). The significant difference in total RCT performance between the samples is further represented in significant differences in all of the (pairwise) component or subskill areas (p < .01). Table 5 presents descriptive statistics bearing on deaf subjects' performance on the memory span tests. On the simple span test, examinees recalled approximately five digits (on average) in the order in which the digits were presented. When the test stimuli were simple arithmetic strings (i.e., noname digit span condition), and subjects were required to recall the answers to problems presented in a sequence in the correct serial order, they were able to recall approximately four digits (on average). On the complex span test that required respondents to recall the answers to more complicated arithmetic strings, deaf students recalled, on average, between two and three digits. These findings show an expected pattern in performance. As the processing demands of a memory task increase, capacity for storing the products of computation diminishes. The noname memory span tasks fell clearly between the simple and complex span extremes in terms of relative difficulty.
Memory Span Tests
The rs presented in Table 5 illustrate that the memory span tests tap both common and unique processes. All of the tests incorporate a storage requirement. Two of the tests incorporate processing demands that vary in their complexity. Simple and noname memory span did not correlate significantly with CAT scores. The relationship between complex memory span and reading skill as measured by the CAT was significant (r = .48, p < .01). The relationship between complex span and reading skill as measured by the RCT (total score) also was significant (r = .38, p < .05). While the magnitude of these correlation coefficients is relatively small, the rs are within the range of other coefficients reported in research on working memory capacity and reading comprehension processes that has used normally-hearing subjects.
Regression Analyses
Regression analyses were used to construct a model of how the RCT component scores and the complex memory span measure contribute to reading comprehension for deaf individuals. Initially, the RCT vocabulary, text-integration, and world knowledge component scores served as independent variables in a stepwise regression procedure designed to predict CAT reading scores. The word knowledge and world knowledge component scores entered the regression equation as statistically significant predictors of the CAT reading score. Their beta weights, .55 and .38 respectively, indicate the relative importance of vocabulary knowledge and domain-relevant knowledge in the prediction of reading comprehension ability. Together, the predictor variables accounted for 60% of the variance in CAT reading scores, corresponding to a multiple R of .78.
Mindful of our small sample of respondents, and wishing to avoid overestimating the goodness of fit of the model we were attempting to develop, we asked whether we might reduce the number of predictor variables above from two to one. This amounts to asking the question whether we could assign equal (unit) weights to the word knowledge and world knowledge variables, rather than least squares estimates of the regression coefficients, with minimal loss in the accuracy of prediction. Wainer (1976) indicated that the loss of variance explained using equal weights will be less than k/96 (where k = the number of linear independent variables) if the beta weights are uniformly distributed on the interval [.25, .75] . In fact, Wainer indicated that, in cross-validation research, equally weighted linear models may actually be superior to those that use least squares regression weights. In our prediction model, the combination of word and world knowledge into a single complex variable, representing the extant knowledge that individuals bring to the reading situation, resulted in no loss of variance. Measures on the newly combined knowledge variable correlated .78 with CAT reading scores. This variable may be thought of as the nexus of vocabulary and experiential knowledge.
We next sought to determine whether functional working memory, as measured by the complex digit span test, would explain comprehension variance left unexplained by the combined vocabulary and experiential knowledge variable for deaf examinees. The regression strategy employed here was essentially cumulative. The results (analysis #1) are summarized in Table 6 . Included in Table 6 are the beta weights for each of two predictor variables (knowledge as measured by the RCT, and complex memory span), t statistics resulting from a test of the difference of the beta weights against a reference value of zero, the multiple R as predictor variables are entered into the regression equation, and R 2 or the cumulative proportion of variance in CAT reading comprehension explained by a linear combination of the independent variables. The regression model developed in analysis #1 is parsimonious, includes only two predictor variables (befitting the sample size), and replicates earlier research on normally-hearing individuals that has shown vocabulary knowledge, general knowledge, and working memory capacity to be statistically significant, independent sources of variation in the prediction of reading comprehension ability.
In the absence of theory and previous research, a conventional stepwise regression procedure entering the RCT knowledge and text-integration component scores simultaneously with the complex memory span measure to predict CAT performance might have been undertaken in analysis #1. The interested reader may wish to know that the result is the same as that presented in Table 6 and discussed in the preceding paragraph.
The second regression analysis summarized in Table 6 used subjects' scores on the Michigan Test of English Language Proficiency (MTELP, English Language Institute, 1977) and the complex memory span measure to predict CAT reading scores. The MTELP data were obtained from deaf subjects' college records. The MTELP is a timed, 100-item multiple-choice test that includes 80 items designed to measure knowledge of vocabulary and grammatical usage. Thus, a majority of the test items measure knowledge of lexical and grammatical units integral to language comprehension. The test was originally designed to determine whether students whose native language was not English were able to pursue academic study in an English language college or university.
The MTELP scores were found to correlate .81 (p < .01) with the RCT combined vocabulary and experiential knowledge measure. The MTELP scores correlated .79 (p < .01) with the CAT reading score. The middle portion of Table 6 (analysis #2) presents the results of the stepwise regression analysis. The results of the analysis lead to conclusions consistent with the previous model of reading comprehension, namely that functional working memory capacity, vocabulary, and domain-relevant (here, grammatical) knowledge contribute independently to an individual's ability to comprehend text in the natural reading situation.
The third regression analysis summarized in Table  6 used the RCT combined vocabulary and experiential knowledge measure, in conjunction with the complex memory span measure, to predict text-integration ability as measured by the RCT. For this analysis, we reasoned that the process of integrating information in text may vary in complexity, depending on whether superficial or deep understanding of material is required. Because the RCT included test items that required the integration of text material within and between paragraphs, we redefined text-integration ability to correspond with the two classes of items. Specifically, we partitioned general text-integration ability into two component measures: (1) inference behavior limited to a single paragraph of text, and (2) inference behavior requiring integration of information across paragraphs.
The criterion variable in analysis #3 is that component of the general text-integration measure specific to inferencing behavior within a paragraph. As was observed in the previous regression models of reading skill, complex memory span, in combination with the RCT combined vocabulary and experiential knowledge measure, predicted performance on a criterion reading test (here, an inference test). Within-paragraph inference ability correlated .63 with between-paragraph inference ability (p < .01). While the RCT combined vocabulary and experiential knowledge measure cor-related significantly with between-paragraph inference ability (r = .71, p < .01), complex memory span did not.
The final regression analysis summarized in Table  6 paralleled analysis #3. In analysis #4, the MTELP knowledge measure replaced the RCT knowledge measure as a predictor of within-paragraph textintegration ability. Whether we define world knowledge in terms of subject matter (RCT) or in terms of procedure (i.e., grammatical usage in the MTELP), the knowledge a reader brings to the reading situation plays a significant role in comprehension. In this analysis, MTELP correlated significantly with betweenparagraph inference ability (r = .65, p < .01); complex memory span did not. The results of analyses #3 and #4 are consistent.
Discussion
Measuring Reading Comprehension Component Skills
Can we predict individual differences in reading skill? Research on reading and its underlying processes has filled volumes of journals in cognitive psychology. Befitting its complexity, research on reading has also been approached in a multitude of ways. One approach has been to create reading tasks that allow component processes or subskills to be isolated and studied. Such was the approach taken in this study in our attempt to construct a model, however incomplete, of the relative roles played by functional working memory capacity, vocabulary knowledge, domain-relevant knowledge, and text-integration abilities in reading for deaf individuals.
We began our research by reviewing what other researchers have identified as key processes or classes of variables that are useful predictors of reading skill. Previous research on normally-hearing persons has demonstrated the importance of working memory in reading (e.g., Daneman & Carpenter, 1980; Daneman & Green, 1986; Masson & Miller, 1983) . There is little question that the reading span methodology introduced by Daneman & Carpenter (1980) was an important contribution to an understanding of the relationship of functional working memory to reading.
Previous research on normally-hearing persons has also demonstrated the importance of word knowledge in reading (e.g., Anderson & Freebody, 1981) . Studies of the combined roles of working memory capacity and word knowledge in reading have shown that these variables are unique in their explanation of reading comprehension variance (e.g., Baddeley, Logie, NimmoSmith, & Brereton, 1985; Dixon, LeFevre, & Twilley, 1988; Tirre & Pena, 1992) . Tirre & Pena (1992) found that general knowledge also predicted reading skill. Palincsar and Brown (1984) identified inferencing as a component of comprehension skill.
In our earlier research on the correlates of item difficulty in a reading comprehension test (Garrison, Dowaliby, & Long, 1992) , we identified features of tasks that, quantified and combined using linear regression methodology, accounted substantially for variation in the complexity of the comprehension items. Our respondents were deaf college students. We reasoned that, for each of the task characteristics found to influence item complexity, there existed a corresponding person ability that governed the outcome of the person-item interaction. This led to a model of reading skill that included four predictor variables: (1) working memory capacity, (2) word knowledge, (3) world knowledge, and (4) text-integration or reasoning ability. These variables, overlapping with other component skills identified as important in reading, guided our test development efforts here. The cognitive processes in which individuals engage during reading, implicit in the variables operationalized here, involve a dynamic interplay between working memory and long-term memory.
The reading comprehension test (RCT) we developed was subjected to psychometric analysis using data obtained from both hearing and deaf college students. We were interested in evaluating the fit of RCT data to a well-reasoned qualitative measurement model. The fit of data to the Rasch measurement model implies that the test items can be characterized in terms of a single parameter (i.e., difficulty). The item difficulty estimates are then used to transform persons' raw scores into the ability they imply. Since the item difficulty and person ability estimates are expressed in the same metric, items and persons can be positioned simultaneously, in an orderly fashion, along a hypothet-ical continuum representing the variable's) they share. The component reading measures are properly scaled, one to another.
When we examine the results of the RCT calibration based upon the responses of hearing students to the test items, we are led to conclude that the RCT items measure a core variable (i.e., reading comprehension) with reasonable reliability, as represented by the PSR index. However, the magnitude of the PSR supports the contention that the RCT items tap different, related facets of the comprehension construct. This is certainly what we intended in our design of the experimental reading comprehension test. The ISR indicates that the RCT items spread out over a broad range of difficulty, due in part to the relative easiness of the vocabulary items for hearing examinees.
There were relatively few instances of item misfit. The position within the RCT of the misfitting items (i.e., first and last items) is suggestive of "fumbling" test behavior. Some examinees may have had trouble getting started on the test. Upon reaching the end of the test, some examinees may have rushed to finish. Six percent of the hearing students tested had some irregularity in their pattern of responses to test items.
The correlations between RCT component measures and performance on independent assessments of reading skill for the hearing examinees provide limited evidences of concurrent validity for the experimental reading comprehension test. These rs, based upon small sample sizes, illustrate the differences that standardized reading comprehension tests place on specific component reading skills. The Nelson-Denny seems to emphasize the importance of vocabulary in reading. The Degrees of Reading Power comprehension test, which uses a cloze procedure, seems to measure integrative ability as well as word knowledge. Of course, these conclusions are based upon rs observed with RCT component measures that we define psychologically.
Calibration of the RCT using item response data provided by the deaf examinees yielded reliability results consistent with those observed for the hearing examinees. The PSR index from the separate calibrations was the same. For deaf examinees, the ISR index indicated that the items did not spread out as widely in terms of their difficulty values as those observed for the hearing examinees. The reason for this disparity becomes clearer when we examine the mean difficulty values of the item clusters in Table 3 .
The RCT data provided by deaf individuals indicated that, on average, vocabulary items were as difficult as items requiring the integration of text material. RCT items that assessed vocabulary knowledge had a mean difficulty of -.54 logit. RCT items that assessed text-integration ability had a mean difficulty of -.28 logit. The difference between the mean difficulty values is nonsignificant. Hearing individuals indicated that the vocabulary items were much easier (mean difficulty = -1.40 logits) than the textintegration items (mean difficulty = -.05 logit). The picture that emerges here is that word knowledge tasks were more difficult for deaf examinees than they were for hearing individuals, and that vocabulary breadth may set limits on higher level reading comprehension (i.e., the chain is as strong as its weakest link).
The RCT data provided by the deaf subjects conformed to the Rasch measurement model. For the most part, subjects in the hearing and deaf calibration samples ordered the items similarly in terms of their relative difficulty values. There were, however, statistically significant differences in the difficulty estimates of roughly one-third of the RCT items. We interpret these differences to be the result of the generally greater vocabulary demands posed by the items for deaf respondents.
Differences between the hearing and deaf examinees in mean RCT performance, as summarized in Table 4, were statistically significant. On average, hearing students scored higher on all of the RCT component (and total) measures. Note that performance indices in the table are expressed in logits because the corresponding raw scores are nonlinear in the underlying variable. The stability of measurement within samples, across component measures, suggests that we are no more literate than our vocabulary skills permit, regardless of hearing status.
Deaf subjects' performance on the memory span tests showed patterns consistent with research that has studied the working memory capacity of hearing college students. The decrement in number of digits recalled across simple to complex span tests reflects the trading relation between storage and processing re-quirements that occurs in higher level cognition. As the processing demands of the arithmetic tasks increase, the finite space in working memory that must be shared between processing and data storage results in fewer available resources for storage and, hence, fewer digits (answers) were correctly recalled.
Deaf students' performance on the complex span measure correlated significantly with measures of reading comprehension ability. Their performance on the "simpler" span measures did not correlate significantly with reading comprehension ability. These results are consistent with the findings of Daneman and Carpenter's (1980) research with hearing individuals, despite the fact that our rs relate performance on reading and nonreading tasks.
While all of the memory span tests tap the storage capacity of working memory, only the complex span task measures the processing capacity most closely resembling what occurs when an individual is engaged in reading for comprehension. The simple rs between complex span and reading comprehension for deaf subjects in this study are comparable to those reported for normally-hearing persons by Dixon et al. (1988) and Turner and Engle (1989) . The relationship between complex span and comprehension supports the generality hypothesis advanced by Turner and Engle (1989) that working memory capacity operates as a general executive system independent of reading skill, regardless of the hearing status of the reader.
Models of Reading Comprehension
The methodology of multiple regression analysis was used to construct models of how the RCT component and complex memory span measures contribute to reading skill for deaf individuals. Two of the prediction models developed in this study used the total score on a standardized reading test (i.e., CAT) as a dependent measure of reading skill. Two other models used an RCT component measure of inference ability as a dependent variable. Independent variables in the regression models consisted of measures of (1) vocabulary and general knowledge, and (2) complex memory span. Each of the independent variables contributed uniquely to the prediction of reading comprehension and inference ability. Table 6 summarizes the results of the regression analyses.
The models presented in Table 6 are consistent one to another and replicate findings based upon research with hearing persons (Daneman & Carpenter, 1983; Dixon, LeFevre, & Twilley, 1988; Masson & Miller, 1983; Tirre & Pena, 1992) . The first two models show that reading comprehension by the deaf subjects depends heavily upon the store of knowledge the reader brings to the reading situation. The knowledge measures that served as predictor variables were themselves complex and multifaceted. They involved familiarity with lexicon and procedure (grammatical usage). The knowledge measures also drew from examinees' experience and knowledge of topics specific to the testing materials. The memory span measure added 6% to the proportion of variance that could be explained in reading comprehension, unexplained by the knowledge measures. This suggests that the complex span tasks measure functional working memory in reading for deaf individuals.
The third and fourth models of comprehension developed and presented in Table 6 used the RCT/ MTELP knowledge and complex span measures to predict inference ability. Here, the ability to integrate information in text to draw inferences is found to be predictable from deaf subjects' vocabulary/experiential knowledge and working memory capacity. However, the model is conditional. Specifically, the model held true for one type of inferencing task (i.e., inferencing within paragraphs), but not for another (i.e., inferencing between paragraphs). Masson and Miller (1983) found reading span and inference ability to be related. Subjects in their research were normally-hearing persons. Masson and Miller defined inference skill as an ability to conjoin clauses from different locations in text. Daneman and Carpenter (1983) also found a significant relation between reading span and inference ability for hearing persons. Their inference test required subjects to locate the referents of pronouns. The relationship between working memory capacity and inference ability was not supported in research on normally-hearing individuals conducted by Dixon et al. (1988) . Dixon et al. (1988) offered an explanation for the observed disparity in findings that seems pertinent to this research. They suggested that an inference can require that an individual retain only the surface form of material, or an inference can require deeper understanding of a referential situation. The superficial/ deep processing distinction characterizes rather well the difference in our research between inference tasks that limited the integration of text material to a single paragraph versus those tasks that required integration across a number of paragraphs (e.g., "What is the best title for this story?"). Thus, the vocabulary/experiential knowledge and complex span measures in this study were successful predictors of inference skill at one level (i.e., inferencing within paragraphs) because all of these tasks, in the relative sense, required superficial processing of information. The model did not generalize to the more complex inferencing situation for deaf individuals.
The findings of this study lead to some general conclusions. First, the relation of functional working memory capacity to reading appears to be direct and not task-specific This implies that individuals, deaf or hearing, may be good or poor readers because they have relatively large or small working memory capacity.
Second, lexical knowledge appears to be a strong predictor of reading comprehension ability. Research on vocabulary suggests that deaf readers retrieve word meanings at great expense in time and attention, thwarting higher level comprehension processes (Kelly, 1996) . Deaf readers also have been found to retrieve inaccurate word meanings (Kelly, 1996) , affecting comprehension adversely. To compensate for vocabulary limitations, it has also been suggested that deaf readers resort to the use of general or world knowledge in comprehension tasks. The effects of vocabulary knowledge, world knowledge, and functional working memory capacity on reading are additive.
Finally, standardized reading comprehension tests appear to emphasize different component reading skills. Vocabulary knowledge is the common denominator. Beyond this, even if we could reach general agreement on the specific component skills involved in reading, the measurement of component reading skills poses challenges since no task is a pure measure of a single component skill. In fact, component skills and interpretive processes involved in reading are themselves multidimensional constructs.
